Nucleoporins are essential components of the nuclear pore complex (NPC) 1 . Only a few diseases have been attributed to NPC dysfunction 2-4 . Steroid-resistant nephrotic syndrome (SRNS), a frequent cause of chronic kidney disease, is caused by dysfunction of glomerular podocytes 5 . Here we identify in eight families with SRNS mutations in NUP93, its interaction partner NUP205 or XPO5 (encoding exportin 5) as hitherto unrecognized monogenic causes of SRNS. NUP93 mutations caused disrupted NPC assembly. NUP93 knockdown reduced the presence of NUP205 in the NPC, and, reciprocally, a NUP205 alteration abrogated NUP93 interaction. We demonstrate that NUP93 and exportin 5 interact with the signaling protein SMAD4 and that NUP93 mutations abrogated interaction with SMAD4. Notably, NUP93 mutations interfered with BMP7-induced SMAD transcriptional reporter activity. We hereby demonstrate that mutations of NUP genes cause a distinct renal disease and identify aberrant SMAD signaling as a new disease mechanism of SRNS, opening a potential new avenue for treatment.
SRNS is a disease of the renal glomerular filter. It constitutes the second most frequent cause of end-stage kidney disease (ESKD) in the first three decades of life 6 . Its renal histological correlate is focal segmental glomerulosclerosis (FSGS), which invariably causes loss of renal function within a few years of onset, requiring dialysis treatment or renal transplantation for survival. Over 30 genes have been described to lead to podocyte dysfunction when mutated, which identified these glomerular epithelial cells as the critical site of SRNS 5, 7 . The identification of disease-associated gene has also implicated multiple signaling pathways in the pathogenesis of SRNS [8] [9] [10] . We recently demonstrated in a large cohort of 1,780 families with SRNS that, in about 70% of cases, a causative gene is unknown 11 .
To identify additional genes that cause SRNS when mutated, we performed homozygosity mapping 12 and whole-exome sequencing 13 in 160 families with SRNS. In three families (A1671, A1626 and A2241) (Fig. 1, Table 1 and Supplementary Figs. 1 and 2), we detected two different homozygous missense mutations of the gene NUP93 (NM_014669.4) (c.1772G>T, p.Gly591Val and c.1886A>G, p.Tyr629Cys), which encodes nuclear pore protein 93 (NUP93) 1 (Fig.  1a,d ,e and Table 1 ). By high-throughput exon sequencing 11, 14, 15 in a worldwide cohort of 1,800 families with SRNS, we detected three additional families (A2403, A3256 and A1394) with compound-heterozygous truncating mutations or missense mutations affecting highly conserved residues of NUP93 (Fig. 1d ,e, Table 1 and Supplementary  Fig. 2 ). The variants p.Gly591Val and p.Tyr629Cys apparently represent European and Turkish founder alleles, respectively ( Table 1) . We show that the splice-site mutation (c.1537+1G>A) detected in family A1394 ( Fig. 1d and Table 1 ) leads to aberrant splicing with in-frame skipping of exon 13 ( Supplementary Fig. 1b-e) . Nup93 function is known to be essential for NPC assembly in Saccharomyces cerevisiae 16, 17 , Caenorhabditis elegans and Danio rerio 18 .
Phenotypically, all seven affected individuals from the six families with recessive NUP93 mutations had SRNS that manifested early, that is, between 1 and 6 years of age, and caused ESKD between the ages of 1 and 11 years ( Table 1) . Renal biopsy showed FSGS or its developmental equivalent, diffuse mesangial sclerosis (DMS), in the five individuals in whom a biopsy was performed (Fig. 1b,c ,g,h, Table 1 and Supplementary Fig. 3a ). In addition, there was a renal tubular phenotype involving proximal tubular dilation with protein casts and interstitial cell infiltrations ( Fig. 1c and Supplementary Fig. 3b ). Electron microscopy Mutations in nuclear pore genes NUP93, NUP205 and XPO5 cause steroid-resistant nephrotic syndrome l e t t e r s - (a) Homozygosity mapping identifies seven recessive candidate loci (red circles) in family A1671 with SRNS, and whole-exome sequencing identifies a homozygous mutation in NUP93 (encoding p.Tyr629Cys). The NUP93 locus (arrowhead) is positioned within one of the peaks with a maximum non-parametric LOD (NPLOD) score on chromosome 16q. NPL, non-parametric linkage score; ZLR, non-parametric likelihood-ratio z score; chr., chromosome. (b,c) The renal histology of patient A1671-21 shows DMS (arrowhead) (b) and tubular dilation with protein casts (arrow), as well as tubular interstitial infiltration and fibrosis (c npg l e t t e r s showed partial podocyte foot process effacement ( Supplementary Fig. 3c ). It is known that glomerular developmental defects (DMS) and glomerular degenerative defects (FSGS) can occur on a monogenic basis as a result of multiple allelism 19 . However, in the case of NUP93 mutations, only one family had features of DMS, whereas four others had FSGS, making a glomerular developmental defect unlikely. One patient showed partial response to steroids, and two patients partially responded to cyclosporin A (CsA). A partial response to therapy with alternative agents is a rare but known feature of monogenic forms of nephrotic syndrome that is otherwise steroid resistant 20 . However, no genotype-phenotype correlation has been detected so far in these cases. In addition, by genetic mapping (Fig. 1f) and whole-exome sequencing in two siblings from family A1733 with early-onset SRNS and FSGS, we identified a homozygous missense mutation in the nucleoporin gene NUP205 (NM_015135.2) affecting a highly conserved amino acid residue (c.5984T>C, p.Phe1995Ser) (Fig. 1f , Table 1 and Supplementary Fig. 2 ). Interestingly, NUP205 is a direct protein interaction partner of NUP93 within the inner ring of the NPC 17, 21 . Furthermore, by genetic mapping (Fig. 1i) and wholeexome sequencing, we identified a homozygous missense mutation in the XPO5 gene encoding the nuclear export protein exportin 5 (NM_020750.2) (c.1654G>A, p.Val552Ile) in individual F1092 with onset of SRNS at 2 years of age (Fig. 1i , Table 1 and Supplementary  Fig. 2 ). Remarkably, exportin 5 is known to have a role in nuclear export in concert with nucleoporins [22] [23] [24] .
Nucleoporins are highly conserved eukaryotic proteins that form NPCs, huge macromolecular assemblies in the nuclear envelope that mediate the transport of proteins, RNAs and ribonucleoprotein (RNP) particles between the cytoplasm and the nuclear interior ( Supplementary Fig. 4) 25, 17 . Nucleoporins function by interacting with transport receptors such as exportins and importins that shuttle their cargo through NPCs ( Supplementary Fig. 4) . Although mutations in genes encoding NPC components have only been described in three other human diseases 2-4 , here we implicate three NPC-associated proteins in the pathogenesis of SRNS. Unexpectedly, we find that very specific recessive mutations in genes that have a critical cellular function may cause a distinct renal disease phenotype.
To determine whether the two nucleoporins, NUP93 and NUP205, and exportin 5 are expressed during renal development, we performed immunofluorescence studies in sections of fetal rat kidney ( Fig. 2 and Supplementary Fig. 5 ). We observed that, at the capillary loop stage of renal glomerular development, NUP93, NUP205 and exportin 5 
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Figure 2 npg l e t t e r s are present in developing podocytes that are positive for the podocyte nuclear marker WT1 (Supplementary Fig. 5 ). Interestingly, in adult rat glomeruli, exportin 5 colocalized in podocytes with synaptopodin, a marker of primary and secondary podocyte foot processes, in a pattern that has been described for many other products of genes that when mutated cause SRNS (Fig. 2d) 8, 26, 27 .
To elucidate the role of the nucleoporin NUP93 in the pathogenesis of SRNS, we performed in vitro functional assays in immortalized human podocytes. First, we studied podocyte migration, a well-established surrogate phenotype that is typically altered upon loss of function of genes that are involved in nephrotic syndrome [8] [9] [10] . We show that knockdown of NUP93 using two different short hairpin RNAs (shRNAs) resulted in an impaired migratory phenotype that was rescued by transfection with wild-type mouse Nup93 (Fig. 2e) . Knockdown of the nucleoporin NUP153, in which we did not find mutations in individuals with SRNS, did not affect podocyte migration ( Supplementary  Fig. 6 ). Furthermore, we found that, upon knockdown of NUP93, the proliferation rate of human podocytes was strongly reduced (Fig. 2f) . To assess resistance to oxidative stress, we challenged human podocytes with sublethal concentrations of hydrogen peroxide (100, 250 and 500 µM). Although hydrogen peroxide at these doses did not affect cells receiving scrambled, control shRNA, it induced apoptotic cell death as shown by increased cleavage of caspase-3 in NUP93-knockdown cells (Fig. 2g) .
To assess whether the NUP93 mutations that we identified in individuals with SRNS interfere with NPC localization, we performed immunofluorescence microscopy of Myc-tagged NUP93 proteins in human podocytes (Fig. 3a,c) . Upon overexpression, wild-type and some mutant constructs of human NUP93 localized to the nuclear envelope, whereas the constructs representing the truncating substitution p.Lys442Asnfs*14 and the splice-site alteration causing deletion of exon 13, which we detected in individuals with SRNS (from families A3256 and A1394, respectively), failed to properly mark the nuclear envelope (Fig. 3a,c) . Figure 3 NUP93 mutations interfere with NPC assembly, and a NUP205 mutation affects NUP93-NUP205 interaction. (a) Upon overexpression in human podocytes, Myc-tagged human NUP93 but not the splicesite mutant with deletion of exon 13 or the truncated mutant Lys442Asnfs*14 localizes to the nuclear envelope (arrowheads). Scale bar, 10 µm; see also c. (b) Proteins with the alterations identified in individuals with SRNS fail to assemble an intact NPC in a depletion and add-back assay in X. laevis egg extracts. Upon depletion of Nup93 (∆Nup93), nuclei fail to assemble properly. Add-back of the fulllength human protein or the mutant constructs Gly591Val and Tyr629Cys restores nuclear envelope and NPC assembly. The constructs corresponding to the in-frame deletion of exon 13, the missense mutant Arg388Trp and the frameshift mutant Lys442Asnfs*14 lack this ability. Nuclear membranes are stained with DiIC 18 (red; top row), DNA is stained with DAPI (blue), and NPCs are stained with monoclonal antibody MAb414 (red; second row) and antibody to Nup93 (green; third row). Mock indicates that extracts were treated with control/unspecific antibody-coupled beads. 
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To further evaluate the interference of mutations with nuclear envelope integrity, we performed a depletion and add-back assay in Xenopus laevis egg extracts. In this assay, the formation of nuclear envelopes, as indicated by smooth membrane staining with DiIC 18 , as well as NPC formation (as indicated by the antibody MAb414) around sperm chromatin (Fig. 3b, first and second rows), was faithfully reconstituted 28 . Depletion of Nup93 abrogated nuclear envelope and pore formation 29, 30 , which was restored upon adding back wild-type human NUP93 protein or most mutants found in individuals with SRNS but not the mutant with deletion of exon 13, Arg388Trp and Lys442Asnfs*14 (Fig. 3b,d) . In X. laevis egg extracts, Nup93 tightly binds with Nup205 (ref. 31) , and, consistently, shRNA knockdown of NUP93 in human podocytes caused depletion of human NUP205 (Fig. 3e) . Furthermore, we found that GFP-tagged human NUP205 interacted with endogenous NUP93 upon overexpression in HEK293T cells (Fig. 3f) . The mutant NUP205 allele identified in family A1733 with SRNS, encoding a p.Phe1995Ser substitution, abrogated this interaction (Fig. 3f) . However, the NUP93 mutations identified in families with SRNS did not abrogate the interaction of NUP93 with NUP205 (Supplementary Fig. 7 ). It was recently shown that Drosophila melanogaster Nup93 and Nup205, apart from their known roles as scaffold nucleoporins in NPC assembly, also have cargo import functions and are essential for the nuclear import of phosphorylated, activated Smads ( Supplementary  Fig. 4) 32 . Interestingly, loss of function of other nucleoporins does not affect SMAD signaling 32 . Following on these previous findings, we performed further studies to define the role of human NUP93 in SMAD signaling. Using immunofluorescence in human podocytes, we demonstrate that, upon stimulation with bone morphogenetic protein 7 (BMP7), NUP93 colocalized with the nuclear import receptor importin 7 to a nuclear rim structure (Fig. 2a) . Interestingly, both proteins also showed strong colocalization during different stages of renal development (Fig. 2b,c) . Because of the described roles of Nup93 in Smad signaling in D. melanogaster, we explored whether 32 . We performed coimmunoprecipitation studies in HEK293T cells (Fig. 4) . We demonstrate that SMAD4 interacted with endogenous NUP93 when overexpressed in HEK293T cells, which we confirmed for endogenous SMAD4 (Fig. 4a,b) . Furthermore, we show that, upon BMP7 stimulation, NUP93 interacted with the phosphorylated, activated form of endogenous SMAD1 and SMAD5 (SMAD1/5) (Fig. 4d) . Interestingly, the three NUP93 mutations encoding p.Lys442Asnfs*14, p.Gly591Val and p.Tyr629Cys that we found in patients with SRNS (Fig. 1d,e and Table 1 ) abrogated this interaction (Fig. 4c) , likely reflecting their pathogenicity ( Table 1 ). The abrogation of interaction was confirmed with reciprocal immunoprecipitation (Supplementary Fig. 8) .
Because of the suggested role of the nuclear transport receptor importin 7 (Msk) in Nup93-mediated nuclear import of Smad in D. melanogaster 32, 33 , we explored whether the NUP93 mutations that we identified in individuals with SRNS affect BMP7-dependent SMAD signaling. We found that human NUP93 and human SMAD4 both interacted with endogenous importin 7 in HEK293T cells (Fig. 4e,f) . The same three mutations (encoding p.Lys442Asnfs*14, p.Gly591Val and p.Tyr629Cys) that disrupted interaction with SMAD4 (Figs. 1d,e and 4c, and Table 1 ) also abrogated interaction of NUP93 with importin 7 in HEK293T cells (Fig. 4g) . In addition, we found that in sections of fetal rat kidney NUP93 colocalized with importin 7 at different stages of glomerular development and in podocyte precursor cells at the early capillary loop stage (Fig. 2b,c) .
BMP7 has a crucial role in renal development 34 . Furthermore, growing experimental evidence suggests that BMP7 is an important mediator of renal response to injury and has protective effects in multiple animal models of acute and chronic renal injury 35 . BMP7 balances the profibrotic effects of transforming growth factor (TGF)-β, and it has been shown in a conditional Smad4 knockout mouse model that loss of SMAD4 promotes renal fibrosis and inflammation 36 . In addition, BMP7 inhibits apoptosis and promotes podocyte survival in experimental models of diabetic nephropathy 37 . Using a GFP reporter mouse model, Leeuwis et al. have shown that podocytes and collecting duct cells are the primary target cells of BMP7 in the kidney 38 . We therefore explored whether the NUP93 mutations that we identified in individuals with SRNS affect BMP7-dependent SMAD signaling. We show that knockdown of NUP93 in human podocytes using two different shRNAs disrupted BMP7-dependent activation of SMAD signaling, as demonstrated by reduced nuclear accumulation of SMAD4 after BMP7 stimulation (Fig. 5a ). An equivalent result was seen when using HEK293T cells (Supplementary Fig. 9 ). Consistently, expression of wild-type mouse NUP93 but none of the five mutants corresponding to those detected in patients with SRNS rescued the BMP7-dependent nuclear translocation of endogenous SMAD4 in knockdown human podocytes (Fig. 5) and HEK293T cells (Supplementary Fig. 9 ).
HEK293T cells with shRNA-mediated knockdown of NUP93, when treated with BMP7, failed to induce SMAD-dependent reporter activity in comparison to cells receiving scrambled control shRNA (Fig. 5c) . Reciprocally, whereas transfection with wild-type full-length mouse Nup93 (under NUP93 knockdown) restored BMP7-dependent SMAD reporter activity, none of the constructs reflecting the five mutations detected in patients with SRNS rescued SMAD4 dependent transcription (Fig. 5c) . Furthermore, upon treatment of human podocytes with BMP7, importin 7 localized to a nuclear rim structure in control cells (Figs. 2a and 5d) . Knockdown of NUP93 by two different shRNAs inhibited this rim formation (Fig. 5d) . Knockdown of the nucleoporin NUP188, in which we did not find mutations in individuals with SRNS, did not reduce SMAD reporter activity in our assay (Supplementary Fig. 10 ).
We demonstrated loss of function for all NUP93 mutations detected in individuals with SRNS. NUP93 mutations either disrupt NPC integrity (Fig. 3a-d) (deletion of exon 13, p.Arg388Trp and p.Lys442Asnfs*14) or abrogate the interaction of NUP93 with SMAD4 (Fig. 4c) or importin 7 (Fig. 4g) (p.Lys442Asnfs*14, p.Gly591Val and p.Tyr629Cys) ( Table 1) . In all individuals with mutations in NUP93, there was a defect in SMAD signaling, suggesting SMAD signaling as the relevant pathogenic pathway shared by these mutations. Furthermore, we show that exportin 5, which we found defective in another individual with SRNS ( Fig. 1i and Table 1 ), also interacts with SMAD4 (Fig. 4h) .
In summary, we demonstrate here that specific mutations in NUP93, NUP205 or XPO5 cause a distinct entity of SRNS, and we introduce the terms 'NPHS12' and 'NPHS13' , for SRNS caused by mutations of NUP93 and NUP205, respectively. We thereby link NPC-associated proteins to a new pathogenic pathway for SRNS. Furthermore, we implicate BMP7-dependent SMAD signaling as a new disease mechanism of SRNS, thereby potentially opening new approaches to therapy.
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Methods and any associated references are available in the online version of the paper. serum-free medium as a control. Changes in impedance were analyzed using RTCA software. Results are plotted as the cell index (relative podocyte migration) versus time. Each experiment was performed in triplicate and repeated two times independently. Results are presented as means with s.d.
Podocyte proliferation assays. The proliferation assays were performed using the xCELLigence system with E-plate 16 plates (Roche Applied Science) according to the manufacturer's instructions. The experiment was performed in immortalized human podocytes with shRNA-mediated knockdown of NUP93 (shRNA 1 and shRNA 3). Cells were transfected with MOCK-GFP or full-length wild-type mouse Nup93 cDNA. Thirty-six hours after transfection, 2.5 × 10 4 cells were seeded in each well of the E-plate 16 plate. Changes in impedance were analyzed using RTCA software. Results are plotted as the cell index versus time. Each experiment was performed in triplicate and repeated two times independently. Results are presented as means with s.d. For the data shown in Supplementary Figure 6 , immortalized human podocytes were transfected with ON-TARGETplus SMARTpool siRNA against NUP93, NUP153 and NUP188 at a final concentration of 100 nM using Lipofectamine RNAiMAX following the manufacturer's instructions. Experiments were performed 48 h after transfection.
In vitro experiments to assess resistance to oxidative stress. To assess resistance to oxidative stress in immortalized human podocytes, hydrogen peroxide was added to cell culture medium at three different concentrations (100, 250 and 500 µM) that did not induce an increase in caspase-3 cleavage or changes in cell morphology in control cells. After 1 h, cells were lysed and apoptosis was assessed using an antibody against cleaved caspase-3 (Cell Signaling Technology, 9661; 1:1,000 dilution) in control (scrambled shRNA) as compared to knockdown cells. The result was shown in two independent experiments. Nup93 depletion and add-back assays in Xenopus laevis eggs. Nuclear assemblies using X. laevis egg extract immunofluorescence on in vitro-assembled nuclei and the generation of affinity resins, sperm heads and floated, unlabeled or DiIC 18 -labeled membranes were carried out as described 48 , and results were analyzed on an Olympus FV1000 confocal microscope. Nup93 was depleted as in Theerthagiri et al. 31 . mRNA encoding human NUP93 (GenBank, NM_014669.4) and the corresponding mutants was prepared using the mMESSAGE mMACHINE kit (Life Technologies) and added to extracts at a concentration of 200 ng/µl. The experiment was repeated three times independently, and 100 nuclei were counted in each experiment. Results are shown as means and s.d.
Knockdown in human podocytes. shRNA against human NUP93 was subcloned into pSirenRetroQ for retroviral transduction using HEK293T cells. Forty-eight hours after transduction, puromycin was added to the medium at a final concentration of 4 µg/ml for selection of transduced cells. See Supplementary Table 1 for target sequences and Figure 3d for knockdown efficiency.
